Numerous studies from several laboratories report that temporary inactivation of the cerebellar interpositus nucleus and regions of overlying cortex during eye-blink conditioning completely prevents acquisition of the conditioned eye-blink response (CR) without affecting the ability to learn the CR in subsequent training without inactivation. Recently, these results have been challenged by the suggestion that learning was not completely blocked in these studies. Instead, it has been suggested that low levels of responses on test sessions might represent a retarded form of learning caused by drug effects on cerebellar cortex. The present study was designed to address this issue directly. Very low doses of muscimol were used to selectively inactivate the interpositus nucleus of rabbits during five conditioning sessions. Animals performed no significant levels of CRs during those sessions. Training was continued four more sessions without any inactivations to test whether any learning had occurred during the previous five sessions. Detailed analysis of responses during session six revealed that learning was completely blocked by the low doses of muscimol infused into the interpositus during the first five sessions. Animals subsequently acquired the CR normally. These results confirm and extend the original findings that appropriate lesions (either temporary or permanent) of the interpositus nucleus completely prevent acquisition of the conditioned eye-blink response. Other issues regarding reversible inactivation studies are also discussed.
Introduction
Numerous lines of evidence, ranging in diversity from purely theoretical considerations (Marr 1969; Albus 1971) to human functional imaging studies (Molchan et al. 1994; Logan and Grafton 1995; Blaxton et al. 1996) , have consistently implicated the cerebellum as being critically involved in a number of learning related tasks (for instance, see Lisberger 1988; Thatch et al. 1992 ; Thompson and Krupa 1994) . Among the many tasks in which the cerebellum is critically involved, a number of studies from several laboratories have demonstrated that the cerebellum is essentially involved in acquisition and expression of classically conditioned discrete skeletal movements, in particular, the classically conditioned eye-blink response.
Briefly, the evidence supporting cerebellar involvement in eye-blink conditioning includes the following: (1) Appropriate lesions of a restricted region of lateral cerebellar hemisphere, including lesions limited to the anterior interpositus nucleus, completely and permanently abolish both acquisition and expression of conditioned eye-blink responses (CRs) without affecting performance of the reflexive, unconditioned response (UR) (Lincoln et al. 1982; McCormick and Thompson 1984a; Lavond et al. 1985; Yeo et al. 1985; Steinmetz et al. 1992) . (2) Electrophysiological recordings of neuronal activity from within this region of cerebellum reveal populations of neurons that respond not only to conditioned and unconditioned stimuli but also during performance of CRs in a manner that precedes and predicts their occurrence, suggesting a causal role (McCormick and Thompson 1984b; Berthier and Moore 1986, 1990; Foy et al. 1992) . (3) Electrical microstimulation of brain stem precerebellar nuclei or fibers immediately afferent to the cerebellum serves as an effective conditioned stimulus (CS) or unconditioned stimulus (US), depending on stimulus location. CRs elicited by these stimuli are completely abolished by appropriate, focal lesions of lateral cerebellum (Mauk et al. 1986; Steinmetz et al. 1986; Lavond et al. 1987) .
Collectively, these results demonstrate that the cerebellum is necessary for both acquisition and expression of the eye-blink CR.
Recently, several studies, each using reversible inactivation techniques, have provided very compelling evidence that the essential locus of memory formation and storage (i.e., the memory trace) for this type of learning is located within the restricted region of lateral cerebellum encompassing the interpositus nucleus and localized regions of overlying cerebellar cortex that project to the interpositus nucleus. Clark et al. (1992) initially reported that temporary, reversible inactivation (by local cooling) of this localized region of cerebellum during eye-blink conditioning in rabbits completely prevented acquisition of the eye-blink CR without affecting the ability to acquire the CR following removal of the cooling and without affecting the ability to perform the UR. This initial result was subsequently confirmed and extended by several studies, each using different techniques such as local microinjection into the anterior interpositus nucleus of muscimol, baclofen, or lidocaine to focally and reversibly inactivate this region of cerebellum Nordholm et al. 1993; Hardiman et al. 1996; Ramirez et al. 1997) . The results of each of these studies were the same: Appropriate inactivation of the critical region of cerebellum completely prevented acquisition of the eye-blink CR with no effect on subsequent learning following removal of inactivation and with no effect on the ability to perform the UR. These results indicate that the memory trace for this type of learning must be localized either (1) within the region of cerebellum that was inactivated in these studies or (2) in some other structure(s) downstream from this region of cerebellum that receives cerebellar input that is essential for both acquisition and expression of the CR. Subsequent studies have largely ruled out this second possibility. Reversibly inactivating the brain-stem motor nuclei and surrounding reticular formation responsible for performance of the CR has no effect at all on the ability to acquire the CR but does block CR expression, thus ruling out these structures as possible loci for the memory trace (Zhang and Lavond 1991; Krupa et al. 1996) . Similarly, inactivation of the magnocellular red nucleus, a structure that receives direct input from the interpositus and is essentially involved in eyeblink conditioning, also prevents CR expression with no effect on CR acquisition (Clark and Lavond 1993; Krupa et al. 1993) . Finally, inactivation of all of the output fibers of the interpositus nucleus during conditioning by either injection of tetrodotoxin in the superior cerebellar peduncle or lidocaine into the white matter ventral to the interpositus has the same effect: complete blockade of CR expression with no effect on CR acquisition (Nordholm et al. 1993; Krupa and Thompson 1995) . Collectively, these results, along with the cerebellar reversible inactivation results (above), provide compelling data in support of a cerebellar memory trace: Inactivating this localized region of cerebellum (including the interpositus nucleus and overlying cortex) during conditioning completely prevents learning from occurring, whereas inactivating essential structures in the eyeblink circuit that are downstream from the cerebellum (including all of the output from this region of cerebellum) has no effect on the ability to learn the CR but does prevent CR expression.
Recently, Bloedel and Bracha (1995) have suggested that our previous reversible inactivation studies (in which the interpositus nucleus and localized regions of overlying cortex were reversibly inactivated with either muscimol or lidocaine; Krupa et al. 1993; Nordholm et al. 1993) did not completely prevent learning from occurring but, instead, resulted in "...a low level of conditioned responses during the retention testing [which] reflects not an absence of learning but rather a 'retarded' process of learning caused by the drug effect on the cerebellar cortex"(p. 12). Although the data from those previous studies directly and completely contradict this suggestion (see Discussion), the present study was designed to test this possibility in even more detail. Here, we used a very low dose of muscimol to selectively inactivate the interpositus nucleus during five sessions of eye-blink conditioning. Retention tests (which would reveal any signs of learning even on the first trial of test-
Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from ing) following removal of this inactivation revealed no evidence at all of learning with no effect at all on the rate of subsequent learning in the absence of inactivation. The present results, therefore, confirm and extend the previous results of this and other laboratories; namely, appropriate lesions (either temporary or permanent) of a restricted region of lateral cerebellum, encompassing minimally the anterior interpositus nucleus, completely prevent acquisition of the classically conditioned eye-blink response and have no effect on performance of the reflex UR.
Materials and Methods

SURGICAL PROCEDURES
Under aseptic surgical procedures, 16 New Zealand albino rabbits (Oryctolagus cuniculus, -2.5 kg at time of surgery) were each implanted with a chronic, stainless steel guide cannula (25 gauge, 0.65 mm o.d.) fitted with an internal stainless steel stylet (to ensure patency) that extended 1.5 mm beyond the base of the guide cannulae. Surgical procedures consisted of a midline incision through the scalp, retraction of the periostium, and a small craniotomy (1.5 mm diam.) above the stereotaxic coordinates of the interpositus nucleus. The stylet tip was aimed at the dorsal aspects of the anterior region of the left cerebellar interpositus nucleus, stereotaxically positioned 0.7 mm anteriot, 5.8 mm lateral, and 14.5 mm ventral to the skull suture with h positioned 1.5 mm below bregma according to the stereotaxic atlas of McBride and Klemm (1968) . The cannulae were anchored to the skull using dental acrylic and three stainless steel skull screws. A small receptacle for attaching a minitorque potentiometer and an airpuff nozzle during the behavioral training sessions was also cemented to the skull. A 1.O-ram loop of 6-0 surgical suture (Ethilon) was placed in the apex of the left nictitating membrane (NM). Surgical anesthesia consisted of ketamine (60 mg/ kg), xylazine (8 mg/kg), and halothane (1%-3% in oxygen). All animals were treated in accordance with National Institutes of Health (NIH) guidelines. All rabbits received 7 days postoperative recovery.
BEHAVIORAL TRAINING PROCEDURES
Following postoperative recovery, rabbits received (on day 8) one session of habituation to restraint in a Plexiglas restrainer and the sound attenuating behavioral recording chamber for 1 hour. Rabbits were randomly assigned to one of two groups. One group (n = 8; termed the "Muscimol" group) received five daily tone-air-puff conditioning sessions during which the interpositus nucleus was reversibly inactivated with a microinjection of the ~/-amino-butyric acid (GABA) agonist muscimol (see below). These rabbits then received 2 days of rest followed by four more daily conditioning sessions without any inactivation to test whether any learning had occurred during the previous five sessions with inactivation. Finally, these rabbits received a last conditioning session in which muscimol was again infused into the interpositus to test the effects of interpositus inactivation on retention of the CR and performance of the UR.
The second group (n = 8) of rabbits (termed the "Control" group) received an infusion of saline vehicle (0.1 ~tl) into the interpositus nucleus before each of the first five control sessions. During each of these five control sessions, the rabbits were restrained and placed in the behavioral recording chamber but no stimuli were presented. Rabbits remained restrained in the chamber for the same length of time as the Muscimol group, -60 min per session. Spontaneous eye-blink activity was recorded during these sessions by recording nictitating membrane movement at intervals identical to those in which stimuli were presented to the rabbits in the Muscimol group. Following these five sessions, rabbits in the Control group also received 2 days rest followed by four tone-air-puff conditioning sessions. As with the Muscimol group, no infusions were administered during these sessions. Finally, Control rabbits also received one last conditioning session in which muscimol (1 nmole) was infused into the interpositus to test the effects on retention of the CR and performance of the UR.
Each tone-air-puff conditioning session consisted of 100 trials divided into 10 blocks of 10 trials. Each block of 10 trials consisted of 1-tone alone trial followed by 4 paired tone-air-puff trials followed by 1 air-puff alone trial followed by 4 more paired tone-air-puff trials. Intertrial interval varied randomly between 20 sec and 40 sec [mean (3/) -30 sec]. Paired tone-air-puff trials consisted of a tone CS (350 msec, 1 kHz, 85 riB) paired with a coterminating corneal air-puff US (100 msec, 2.1 N/cm 2 pressure at the source). The tone was presented through a small loudspeaker placed 30 cm
Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from in front of the rabbit. The air puff was delivered through a 3-mm i.d. tube positioned 1 cm from the center of the rabbit's cornea. Behavioral responses were measured with a minitorque potentiometer attached to the suture loop in the rabbits' left NM. CRs were defined as any 0.5-mm or greater extension of the NM occurring anytime between 35 msec and 250 msec (US onset) after CS onset. On CS alone trials, a CR was counted as any response I>0.5 mm occurring anytime between 35 msec and 750 msec after CS onset. On both paired and tone alone trials, any response occurring between 0 msec and 35 msec after CS onset was considered as an a response or a spontaneous response and was not counted as a CR. URs were defined as any movement of the NM within 500 msec following US onset (the minimum resolvable movement was 100 tam).
MUSCIMOL INFUSIONS
One hour prior to each of the first five training sessions, rabbits in the Muscimol group received an infusion of muscimol (1.0 nmole in 0.1 ~al of isotonic saline vehicle; Sigma) into the left inter~ positus nucleus. This low dose of muscimol was chosen (based on previous work) to inactivate the interpositus nucleus without diffusing throughout the overlying cerebellar cortex and inactivating that region of cerebellum. Rabbits in the Control group were infused with O. 1 pl of saline vehicle 1 hr prior to each of the first five sessions. Infusion procedures for all rabbits involved removal of the internal stylet from the guide cannula, insertion of a stainless steel injector cannula (31 ga, 0.21 mm o.d.) that extended 1.5 mm below the base of the outer guide cannula, infusion of the drug at 0.3 /al/min, removal of the injector cannula 3 min after cessation of infusion, and, finally, reinsertion of the internal styler.
HISTOLOGY
To determine the extent of diffusion of the 1.0-nmole dose of muscimol in cerebellum, 3H-labeled muscimol was infused into the interpositus nucleus of six of the eight rabbits in the Muscimol group. Each rabbit was infused with 1.0 nmole (in O. 1 pl of saline) of 3H-labeled muscimol on the day after the tenth training session. In each infusion, tracer doses of 3H-labeled muscimol (2 vtCi/vtg; NEN) were mixed with the unlabeled muscimol. One hour after infusion, each rabbit received 50 training trials (40 paired, 5 CS alone, and 5 US alone) to ensure that the radiolabeled muscimol effectively abolished the CR acquired previously (as did the previous, nonradioactive infusions). Immediately after the fiftieth trial, each rabbit was lightly anesthetized with halothane and decapitated. Their brains were removed rapidly and then frozen in liquid isopentane on dry ice. The frozen brains were sectioned on a cryostat (20 lam). The frozen sections, along with 3H standards (Amersham), were apposed to X-ray film (Amersham Hyperfflm) for 21 days. The exposed films were developed, and the brain sections were fixed in formalin fumes and stained with cresyl violet. The extent of muscimol diffusion throughout the interpositus/dentate nuclei was then determined.
Following all training sessions, all rabbits in the Control group (and the two rabbits in the Muscimol group not infused with 3Hqabeled muscimol) were injected intravenously with a lethal dose of sodium pentobarbital, then perfused through the aorta with 0.9% saline followed by a 10% formalin solution. The position of the stylet tips was marked by passing 80 pA (for 8 sec) of anodal current through a stainless steel lesioning electrode that had been lowered through the guide cannula to the exact depth of the stylet tip. This position is the same as that of the inner injection cannula tip when it was fully lowered during saline and muscimol infusions. The brains were then removed, embedded in an albumen gel, and stored in 10% formalin until they were sectioned (80 ~m) on a freezing microtome. The sections were stained with cresyl violet and Prussian blue, and the location of the stylet tip was determined.
DATA ANALYSIS
The mean percentage of CRs was calculated for the paired trials for each block and each session. Data were analyzed with mixed analyses of variance with Group as the between subjects factor and Session or Block as the repeated measure. Where appropriate, post hoc Newman-Keuls tests were used to further analyze significant main effects or interactions. A significance level of 0.05 was used for all statistical tests.
Results
Cannula placements of two of the rabbits in the Muscimol group were located outside the in-
Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from terpositus nucleus in the lateral ansiform lobule. Both of these rabbits showed significant levels of learning during the first five conditioning sessions in which muscimol was infused, each exceeding at least 41% CRs during at least one session and each reaching a learning criterion of eight CRs in nine consecutive trials. In one rabbit, infusion of muscimoI on session 10 had no effect at all on CR performance relative to performance during session 9 in which no infusions were administered (94% on session 9 vs. 100% on session 10). Examination of the spread of 3H-labeled muscimol in this rabbit revealed labeling predominantly located in ansiform cortex with very low concentrations of muscimoI in the dorsal aspects of the dentate nucleus. No labeling was detected in the interpositus nucleus. CRs of the other rabbit on session 10 (59%) were lower than on session 9 (96%) but were not completely abolished. Analysis of the spread of 3H-labeled muscimol in this rabbit revealed the highest concentration of muscimol in ansiform cortex as well as a very low concentration of muscimol in the most dorsal-lateral aspects of the interpositus nucleus and dorsal aspects of the dentate. Most of the interpositus nucleus, however, was not labeled. On the basis of these criteria, it was concluded that the muscimol infusions during sessions 1-5 and 10 were not effectively inactivating the entire extent of the interpositus nucleus in these rabbits. These animals, therefore, were not included in further analyses. Similarly, the cannula placement of one rabbit in the control group was outside the interpositus. Infusion of muscimol on session 10 had no effect on CR performance (relative to session 9). This rabbit was also excluded from further analysis. One rabbit in the Control group dislodged its headstage prior to completion of conditioning and was, therefore, excluded from further study.
Infusions of muscimol into the interpositus nucleus of the remaining six rabbits in the Muscimol group before each of the first five sessions completely prevented any expression of eye-blink CRs during those sessions (Fig. 1A) . Responses during those sessions did not differ significantly from the spontaneous levels recorded in the Control group that was restrained and placed in the behavioral recording chamber during sessions 1-5 but presented no stimuli. An ANOVA with factors Group and Session yielded no significant main effects of Group, Session, or their interaction.
On session 6, the first session without any inactivation, rabbits in the Muscimol group showed Muscimol group was presented with paired tone-airpuff training during inactivation, whereas the Control group received no stimuli. On sessions 6-9, no infusions were administered and both groups received paired training. On the Test session, both groups received an injection of muscimol (1 nmole) to assess its effects on retention of the CR. There were no differences between groups during sessions 6-9. Inactivation of the interpositus nucleus with this low dose of muscimol completely blocked acquisition of the eye-blink CR without affecting the ability to learn the CR during sessions 6-9 during which no infusions were administered. (B) Mean (___s.E.) percentage CRs for Muscimol and Control groups as a function of training block on session 6 (first session without infusion). Each block consisted of eight paired toneair-puff trials. Again, there were no differences between groups. Responses of the Muscimol group at the start of training were the same as Controls. Both Muscimol and Control rabbits also showed the same rate of acquisition during the session. There was no evidence at all that Muscimol animals had learned the CR during sessions 1-5.
no signs of any learning from the previous five conditioning sessions (in which the interpositus was inactivated) and subsequently learned the CR as if naive. Their performance on session 6 and subsequent rate of acquisition on sessions 7-9 was indistinguishable from control rabbits that had been infused with saline on sessions 1-5 but presented with no stimuli on those sessions. A t-test on trials to criterion (eight CRs in nine consecutive trials) for the two groups revealed no significant difference in learning rate It(10)--0.29, P > 0.05; mean _+ s.n. for Muscimol group = 153 -+ 74 trials, Control group = 140 _+ 80). Again, an ANOVA with factors Group and Session revealed no significant effect of Group or interaction (Fvalues < 1), but in this case, a strong effect of Session was fotmd [F(3,30) = 52.4, P < 0.0001], indicating that significant acquisition had occurred over the 4 days of training. Infusion of muscimol into the interpositus of both Muscimol rabbits and Control rabbits on session 10 (Test) completely abolished the CR learned during sessions 6-9 (see Fig. 1A ).
To ensure that the low level of CRs performed by the Muscimol group on session 6 (16%) did not represent a "retarded" process of learning (as suggested by Bloedel and Bracha 1995; see Introduction) but, instead, simply reflected the normal CR acquisition that would be expected of naive animals during the course of a single training session, we compared the performance of the Muscimol group with the Control group on a block-by-block and a trial-by-trial basis. If any learning had occurled during sessions 1-5, it would be manifest, on session 6, in the form of a higher rate of responding by the Muscimol group during the initial trials of session 6 and/or a higher rate of acquisition over the course of that (and/or subsequent) sessions. The results clearly demonstrate that neither occurred. A block-by-block (each training block consisted of eight paired tone-air-puff trials) analysis of the mean percentage of CRs for each group revealed no differences at all between groups (Fig. 1B) . A Group x Block ANOVA yielded no significant effect of Group or interaction [F(1,10) < 1 and F(9,90) = 1], but a significant effect of Block was found [F(9,90) -4.98, P < 0.0001 ], indicating that significant acquisition occurred over blocks on the first day of training without inactivation. Furthermore, trial by trial analysis of responses on tone alone test trials during session 6 also revealed no differences at all between groups and no significant interaction of Group and Trial (both F values < 1). Again, significant acquisition was seen across the 10 tone alone trials of session 6 [F(9,90) = 2.63, P < 0.01]. This tone alone test trims measure is particularly sensitive because it includes any responses for a period up to 750 msec after CS onset. Therefore, if rabbits in the Muscimol group were performing any long latency CRs, these would be detected during the tone alone test trials. However, no difference was seen between groups on this or any other measure of acquisition. In summary, inactivation of the interpositus nucleus with a very low dose of muscimol completely prevented learning from occurring without any effects at all on the ability to acquire the CR in subsequent training without inactivation.
Consistent with previous results, infusions of muscimol into the interpositus nucleus had no effect on the performance of the air puff-evoked UR (Fig. 2) . There was no significant difference between UR amplitudes of the Muscimol group (recorded on air-puff alone test trials) on session 5 during which muscimol infusions inactivated the interpositus and session 6 in which no infusions were administered It (5) Figure 2: Mean (_+S.E.) UR amplitudes measured on airpuff alone trials for the Muscimol group on session 5 (last session with inactivation) and session 6 (first training session without inactivation). Mean UR amplitudes for session 9 (last training session without inactivation) and Test session (with inactivation) are collapsed across group, because both groups were treated identically in this phase of the experiment and there were no significant differences between groups. Inactivation of the interpositus nucleus with 1 nmole of muscimol had no effect on the ability to perform the reflexive air puffevoked UR. Solid bars indicate sessions with muscimol infusion; open bars indicate sessions without muscimol infusion.
Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from any stimuli during sessions 1-5, comparisons of UR amplitudes b e t w e e n groups cannot be made for these sessions.) There were also no significant differences b e t w e e n UR amplitudes recorded on session 9 (no infusion) and session 10 in w h i c h muscimol was infused into the interpositus nucleus of both groups to test retention [no significant effect of Group, F(1,10)= 2.2; Session, F(1,10) -1.7; or their interaction, F(1,10) = 2.3; all P values > 0.05].
Histological reconstructions of all cannula placements are s h o w n in Figure 3A . Effective placements are located within or just adjacent to (left) showing the largest extent of ~H-labeled muscimol diffusion. Superimposed on the autoradiograph is an outline drawing of the Nissl-stained section from which it was exposed (right). Diffusion of muscimol is restricted to the interpositus/dentate nuclei with very low levels of muscimol diffusion into the most ventral aspects of overlying ansiform cortex. There is no evidence at all of diffusion outside of the cerebellum. Calibration bar, 3.0 mm. the anterior interpositus nucleus. In two rabbits (infused with muscimol during sessions 1-5), ineffective placements were located in ansiform cortex, dorsal and lateral to the interpositus nucleus. Infusion of muscimol into the more dorsal of these locations had no effect at all on acquisition or retention of the eye-blink CR. Muscimol infusion into the other location did not prevent acquisition or expression of the CR. However, muscimol infusion into this region did partially affect CR performance on session 10 (above). In one rabbit (infused with saline during sessions 1-5), the cannula was located just rostral and ventral to the anterior interpositus. Infusion of muscimol (on session 10) in this rabbit had no effect on performance of the CR.
To determine the maximal extent of muscimol diffusion, 3H-labeled muscimol was infused into the interpositus nuclei of four rabbits with effective cannula placements. 3Hqabeled muscimol was also infused into the two Muscimol rabbits with ineffective placements (see above). Figure 3B (left) shows the autoradiograph of the largest extent of diffusion of 3H-labeled muscimol. Muscimol diffused throughout the anterior interpositus nucleus as well as regions of the dentate nucleus. In this particular rabbit, there was a very low concentration of muscimol in the most ventral aspects of ansiform cortex (also see Fig. 4 , top row). There was no diffusion outside of the cerebellum. The maximal extent of muscimol diffusion for each of the four rabbits with effective cannula placements that were infused with 3H-labeled muscimol is s h o w n in Figure 4 . In each case, diffusion of 3H-labeled muscimol was restricted almost entirely to the interpositus/dentate nuclei. There was no evidence at all of muscimol diffusion outside of the cerebellum. These very localized patterns of diffusion were further confirmed by the ineffective placements. Infusion of muscimol through cannulae located just outside the interpositus had no effect on CR acquisition or expression.
D i s c u s s i o n
The results of the present study are clear: Inactivation of a very localized region of cerebellum, including dorsal aspects of the anterior interpositus nucleus, with a very low dose of muscimol completely prevented acquisition of the conditioned eye-blink response. Subsequent learning in the absence of muscimol was completely unaffected, ruling out the possibility of any lingering Figure 4 : Maximal extent of ZH-labeled muscimol diffusion (shown on standard sections) in four rabbits with effective cannula placements. Muscimol diffused throughout the interpositus nucleus and regions of dentate nucleus. In some rabbits, very low concentrations of muscimol diffused into the most ventral aspects of ansiform cortex. There was no diffusion of muscimol outside of the cerebellum. effects of muscimol. A block-by-block comparison of percent CRs over the first conditioning session without inactivation revealed no differences at all between the Muscimol and Control groups. There were also no differences on subsequent conditioning sessions. Examination of percent CRs on tone alone test trials during session 6 also revealed no differences between groups. This test is particularly sensitive because it would reveal any long latency CRs if they had developed. Muscimol inactivations also had no effect on the ability to perform the air puff-evoked UR. Quantitative autoradiography confirmed that the spread of muscimol was localized to the dentate/interpositus nuclei and, in some rabbits, the most ventral aspects of lateral cerebellar cortex. There was no spread of muscimol outside the cerebellum.
These results confirm and extend the results of previous studies from several laboratories in which reversible inactivation techniques were used to temporarily block cerebellar activity during eyeblink conditioning. Each of these studies used entirely different methods of inactivation: local cooling (Clark et al. 1992) , lidocaine infusion (Nordholm et al. 1993) , baclofen microinjection (Ramirez et al. 1997) , and muscimol microinjection with air-puff US or muscimol microinjection with periorbital shock US (Hardiman et al. 1996) . Despite these different techniques, the results of each study were the same: Cerebellar inactivation prevented acquisition of the eye-blink CR with no effect on the ability to learn the CR in subsequent training without inactivation.
The present data directly contradict the recent challenges by Bloedel and Bracha (1995) regarding the results of our (and other) previous studies. Those authors contend that we used "unusually high amounts of muscimol", thereby creating the possibility that the drug diffused to and inhibited neurons at extracerebellar sites. Furthermore, they suggest that because we inactivated regions of cerebellar cortex, "it is possible that a low level of conditioned responses during the retention testing reflects not an absence of learning but rather a 'retarded' process of learning caused by the drug effect on the cerebellar cortex." The authors, however, offer no evidence at all to support these claims. As described below, the results of the present study decisively rule out these arguments.
In our previous study , the intent was to test whether eye-blink conditioning could occur while both the interpositus nucleus as well as regions of overlying cerebellar cortex were inactivated. To inactivate this region of cerebellum, we used a muscimol dose of 14 nmoles in 1.0 jal. Although Bloedel and Bracha (1995) characterize this dose as "unusually high" and suggest that muscimol might have diffused out of the cerebellum and inactivated extracerebellar sites, all of the available data (including data from their own laboratory) argue against this possibility.
For instance, prior to our study, a number of other laboratories had previously used doses of muscimol similar to or greater than ours to selectively inactivate localized regions within the brain including similar regions of cerebellum (Hikosaka and Wurtz 1985a,b; Martin and Ghez 1988; Van Neerven et al. 1989; Keating and Thach 1991; Mink and Thach 1991) , contradicting the suggestion that our dose was unusually high. Martin (1991) , using a combination of both 3Hqabeled muscimol autoradiography and L-[14C]glucose uptake reported that the maximal radial spread of a similar dose of muscimol in cerebral cortex was -2.5 mm, a result similar to the spread of muscimol we reported (Krupa et al. 1993, p. 990 ; Fig. 2) . Furthermore, Martin (1991) demonstrated that the radial spread of muscimol is very stable for at least 2 hr after infusion, arguing against the possibility of muscimol spreading outside the cerebellum during the time course of our experiments.
Consistent with these results, our own autoradiographic analysis of the spread of 3H-labeled muscimol found no evidence at all of diffusion of muscimol outside of the cerebellum. Previous and subsequent work in our laboratory, combining electrophysiological recordings, behavioral measures, and quantitative autoradiography confirmed that infusion of 14 moles of muscimol into the interpositus nucleus inactivated this structure as well as regions of cerebellar cortex overlying this nucleus without diffusing outside the cerebellum (Krupa et al. 1992; Krupa 1993) .
Finally, evidence from their own laboratory argues against the suggestion by Bloedel and Bracha that our dose of muscimol was unusually high. In their recent study, Bracha et al. (1994) used a dose of 3.5 nmoles to inactivate the interpositus nucleus. The authors estimated the effective radial spread of drug to be -1.6 mm. In our study, the volume of cerebellum inactivated included both the interpositus nucleus as well as regions of overlying cerebellar cortex, a volume estimated to be 3.7 times the volume inactivated by Bracha et al. As such, the required dose of muscimol to inactivate this greater volume would be correspondingly larger. Therefore, the dose of 3.5 nmoles used by Bracha et al. to inactivate just the interpositus nucleus corresponds very well with our proportionally larger dose of 14 nmoles used to inactivate both the interpositus as well as overlying cortex. Thus, although Bloedel and Bracha characterize our dose of 14 nmoles as "unusually high", their own data demonstrate that it was not. In short, all of the available evidence, including the data of Bracha et al., indicates that the dose of muscimol (14 nmoles) used in our original study was precisely the dose necessary to inactivate the region of cerebellum intended. More importantly, there is simply no evidence whatsoever that muscimol diffused out of the cerebellum and inactivated extracerebellar sites.
In light of these results, the data from the present study conclusively rule out the possibility that inadvertent and undetected inactivation of extracerebellar sites by muscimol might be the reason for the complete prevention of eye-blink conditioning during cerebellar inactivation. Here, we used a very low dose of muscimol (1.0 mole) to selectively inactivate the interpositus nucleus. In addition to using a very low dose, the infusion volume was also reduced to 0.1 pl, one-tenth the volume typically used in previous studies. As pointed out by Bracha et al. (1994) , muscimol spread appears to be mainly attributable to replacement of extracerebellar fluid induced by injection pressure. Results of our autoradiographs are entirely consistent with this point. As such, the much lower volume of infusate used in the present study, coupled with the lower dose of muscimol, would result in a very restricted sphere of diffusion. This was confirmed by our autoradiography that demonstrated that the radial spread of muscimol was -1.5 mm. In none of the autoradiographs was there any evidence at all of muscimol diffusion into any extracerebellar structures. In summary, these data argue decisively against the suggestion by Bloedel and Bracha (1995) that the complete and total prevention of eye-blink conditioning following appropriate cerebellar inactivation might be the result of muscimol diffusing to (and inactivating) extracerebellar sites during the course of the eye-blink conditioning sessions. There is absolutely no evidence of extracerebellar actions in any of the studies using reversible inactivation of the interpositus nucleus during training (Clark et al. 1992; Krupa et al. 1993; Nordholm et al. 1993; Hardiman et al. 1996; Ramirez et al. 1997) . Finally, we note that Bracha et al. (1994) did not infuse muscimol during acquisition and is therefore irrelevant to the present issue of the role of the cerebellum in learning the CR.
The further suggestion by Bloedel and Bracha (1995) that the low level of CRs performed on the first session without inactivation might somehow represent a retarded form of learning is simply not supported by the data. In our previous study, the animals that had been infused with muscimol during the first six conditioning sessions performed an average of 19% CRs on session 7, the first conditioning session without inactivation. However, these CRs merely represented the normal rate of responses that would be expected by naive animals over the first session of conditioning. This
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The present study reinforces this result. On session 6, the first session without inactivation, the Muscimol group performed 16% CRs. However, examination of those CRs clearly demonstrates that those responses represented a normal rate of acquisition expected during the first conditioning session. If any learning had occurred during sessions 1-5, this would be expressed on sessions 6-9 in the form of either performance of a higher number of CR~s early in session 6 and/or a faster rate of acquisition on session 6 and subsequent sessions. However, the data confirm that this did not occur. There were no differences at all between the Muscimol and Control groups in either the number of CRs performed early in training (including the very first trials) or in the rate of acquisition during session 6 and subsequent sessions. Comparison of performance on tone alone test trials revealed no differences between groups, ruling out the possibility that the Muscimol rabbits were performing long latency responses that would not be detected on paired tone-air-puff trials. The very low dose of muscimol used in this study was such that inactivation was limited to the interpositus nucleus. Muscimol did not inactivate overlying regions of cerebellar cortex shown previously to be involved in eyeblink conditioning. In summary, the present results decisively rule out the suggestions by Bloedel and Bracha (above) and confirm all of the previous results of this and other laboratories: Temporary inactivation of a restricted region of cerebellum, minimally encompassing the anterior interpositus nucleus, completely prevents acquisition of the eyeblink CR, with no effect on the UR and with no effect at all on the ability to learn the CR in subsequent training without inactivation.
Although the muscimol dose used here did not inactivate significant regions of cerebellar cortex, the results of the present study do not rule out a possible role for cerebellar cortex in acquisition or expression of the eyeblink CR. Several lines of evidencc support the hypothesis that, during eyeblink conditioning, plasticity occurs in both the cerebellar cortex as well as the interpositus nucleus. For instance, permanent lesions of cerebellar cortex (which spare the interpositus nucleus) have been shown to significantly impair (and in some cases, completely prevent) acquisition and expression of the CR. However, the precise functional roles of cerebellar cortex and the interpositus nucleus in eye-blink conditioning remain largely unknown. Further study will be required to elucidate the role of each of these structures in the process of eye-blink conditioning.
MUSCIMOL-INDUCED DEPRESSION IN THE INTERPOSITUS NUCLEUS?
Recently, Perrett and Mauk (1995) suggested that inactivation of the interpositus nucleus with muscimol during eye-blink conditioning did not block learning per se but instead resulted in a depression of mossy fiber synaptic efficacy within this nucleus that apparently masked plasticity that had occurred in cerebellar cortex during training. However, these authors offer no evidence to support this idea. Numerous lines of evidence rule out this possibility.
First, in our previous study, both the interpositus nucleus as well as cerebellar cortex were inactivated with muscimol during conditioning. In the present study, using a much lower dose of muscimol, only the interpositus nucleus was inactivated. However, percent CRs as well as the rate of CR acquisition on the first session without muscimol inactivation were identical for both groups. These measures were also identical to controls infused with saline. If muscimol infusions were somehow causing a synaptic depression within the interpositus, it would seem likely that there would be differences in CR performance by these different groups of rabbits, but there were none.
Second, other studies have used local cooling (Clark et al. 1992 ) and lidocaine (Nordholm et al. 1993) to inactivate the interpositus nucleus during eye-blink conditioning. These methods of inactivation would abolish both pre-as well as postsynaptic activity within the interpositus, which would prevent any form of synaptic plasticity from occurring. Use of these methods of inactivation also completely prevented eye-blink conditioning from occurring (above). The performance of animals on the first session without inactivation in these studies, however, was the same as performance of rabbits infused with muscimol. If muscimol infusions into the interpositus had resulted in a long-term depression, the rates of acquisition in each of these studies should be different, but they are not.
Third, Yeo and colleagues (Hardiman et al. 1996; Ramnani and Yeo 1996) recently tested the
Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from possibility of muscimol-induced depression directly. They first trained rabbits to perform the CR. They then infused muscimol into the cerebellum and presented the animals with tone alone extinction training. They then tested the animals without muscimol to determine whether any extinction had occurred. They found that the rabbits immediately performed CRs at preinfusion rates: No decrement in responding had occurred while the interpositus was inactivated with muscimol. This result alone would appear to rule out the possibility of a synaptic depression in the interpositus during these studies.
In summary, the present study and all other studies in which a localized region of the cerebellum including the anterior interpositus nucleus is inactivated during initial training of the conditioned eye-blink response agree that no learning occurs. All evidence to date strongly supports the hypothesis that the cerebellum is the site of memory storage for this form of learning, and there is no convincing evidence to the contrary (see Yeo 1991; Lavond et al. 1993; Thompson and Krupa 1994; Thompson and Kim 1996) . Krupa, D.J., J. Weng, and R.F. Thompson. 1996 . Inactivation of brainstem motor nuclei blocks expression but not acquisition of the rabbit's classically conditioned eyeblink response. Behav. Neurosci. 110" 219-227.
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